Heat conduction and phase transformations are basic physical-chemical process and control the kinetics of dissociation, fluid flow and strata deformation during hydrate dissociation in sediments. This paper presents a simplified analysis of the thermal process by assuming that the heat-induced evolution can be decoupled from flow and deformation processes. Self-similar solutions for one-, two-and three-phase transformation fronts are obtained. A series of experiments on THF-hydrate-bearing sediments was conducted to test the theory. The theoretical, numerical and experimental results on the evolution of hydrate dissociation front in the sediment are in good agreement.
Introduction
Natural gas hydrate is a crystalline solid composed mainly of methane gas molecules and water molecules. It is stabilized in conditions of high pressure and low temperature. It is conservatively estimated that more than 9.4 terratonnes of organic carbon is present in the form of gas hydrate in ocean sediments, continental margins and deep lakes, and extraction of methane from hydrates could provide a future energy resource [1] [2] [3] [4] .
Generally, 1 cubic meter of methane gas hydrate releases about 164 cubic meters of methane gas and 0.8 cubic meters of water at 1 atm and a temperature of 0 C. If the released gas could not drain quickly, excess pore pressure will generate and the strength of hydrate-bearing sediments (HBS) will decrease, which may lead to environmental disasters, geological disasters, destruction of ocean platforms and oil wells, or even gas blowouts [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Heat transfer leads to the dissociation of gas hydrate and the simultaneous generation of variable stress field with the seepage of pore fluids and the deformation of the soil layer. Accordingly, failure of ocean floor and environmental disasters can occur. The expansion of the hydrate dissociation front due to heat conduction and phase transformations is important for the evaluation of the failures. In the three main rate-limiting factors to gas hydrate dissociation, i.e., Fluid flow, heat transfer and intrinsic kinetics, generally, heat transfer plays a controlling role due to the least time scale [14] .
The expansion of a hydrate dissociation zone induced by an oil pipe with a high temperature of 100 C in HBS was studied based on heat conduction theory [15] . It is shown that the hydrate dissociation front around a high temperature oil pipe 1 m in diameter can reach 20 m in 15 years and 30 m in 40 years, which may cause instability of the pipe. A model was presented to describe the hydrate phase transition [16] . Hydrates are assumed to dissociate instantly and completely once the phase equilibrium condition is satisfied. This creates a dissociation zone and a non-dissociation zone (hydrate stability zone) divided by the dissociation front. Conservation of energy and mass is not fully considered in this case.
Several other analytical and numerical studies on the expansion of hydrate dissociation zone in HBS have been conducted, which coupled kinetic hydrate dissociation, gas or/and water flow, heat conduction and energy conservation [17] [18] [19] [20] . By depressurization method in gas hydrate-bearing sediment, the sharp-interface assumption is regarded not valid when seepage and low hydrate saturation are considered [21] . However, analytical solutions are difficult to obtain and the simulation results need to be verified by laboratory or in-situ data.
Tetrahydrofuran (THF) hydrate-bearing sediments are often adopted as a good substitute for methane hydrate in laboratory experiments due to the similarity in mechanical and thermal properties and a large volume of THF sediment can be synthesized more homogeneously, naturally and safely than synthesized methane hydrate sediment, since THF is completely miscible with water in all proportions and forms hydrate at 1 atm and 20 C [22] [23] [24] [25] [26] .
A model considering heat conduction and phase transformations during THF hydrate dissociation in sediments is proposed and high temperature (>100 C) induced THF hydrate dissociation of simplified geometry is considered [27] . The objective of this paper is to further study the heat-induced evolution of hydrate dissociation in hydrate-bearing sediments and provide a detailed analytical method and solution for heat conduction containing hydrate dissociation and multi-phase transformations. First, a selfsimilar method is presented and an analysis of heat conduction considering one-, two-, and three-phase transformation fronts in sediment is conducted, accompanied by numerical simulations. Following that a one-dimensional apparatus is describes and a series of experiments on THF HBS is presented in which the soil deformation and gas or water seepage can be ignored.
one-, two-, and three-phase transformation fronts is presented in this section.
Physical
Description. The molecular formula of hydrate is noted as MÁnH 2 O (M: Gas molecule or THF molecule; H 2 O: Water molecule; and n: Hydrate number). The formation mechanism of the transformation fronts can be described as follows (The effect of seepage is not considered temporarily): First, the temperature of the sediment surrounding a thermal source increases, causing hydrates to dissociate into water and liquid M (liquid THF here). When the phase equilibrium temperature is reached, a hydrate dissociation zone and a non-dissociated zone form and are divided by the dissociation front. Second, the liquid is gasified when the gasification temperature is reached, and so a gasification zone forms and is separated from the hydrate dissociation zone by the gasification front. Finally, water is transformed into vapor when the boiling temperature is reached, and the gasification zone and water vaporization zone are divided by the vaporization front. These three fronts all expand with time. The formation of four zones Z1, Z2, Z3, Z4 and three fronts F1, F2, F3 in the hydrate sediment is shown schematically in Fig. 1 .
Governing Equations.
In the present model the following assumptions are adopted: (1) The thermodynamic parameters of each phase in each miscible zone are the average values. (2) The enthalpies of water, liquid, and hydrate are constant. Based on the mixture theory, the one-dimensional equation considering the thermal-induced dissociation of hydrate can be referred to theory in heat conduction [28] expressed as
in which the thermodynamic parameters in each zone are as follows:
It is noted that the thermal conductivity is expressed as average that of each phase which is one of that for some methane hydrate sediments [29] [30] [31] .
There are two obvious characteristics in crystal phase transformation: One is that the temperature inside the phase transformation zone remains at the phase transformation point. The other is that phase transformation occurs only when the total provided energy is sufficient for crystal phase transformation.
Thus the following two assumptions are adopted:
(1) Phase transformation occurs once both the threshold temperature and the latent heat are satisfied, so the following equations are satisfied:
(2) Temperature is continuous and equal to the phase equilibrium temperature at the phase transformation front, i.e., T(X e ) ¼ T e .
Substituting assumption (1) into Eq. (1) and integrating on both sides of the phase transformation front, we can obtain
Equation (7) shows the condition of temperature gradient at the phase transformation front and meanwhile indicates the conservation of energy. The index, i here represents phase f, w, h, respectively. The subscript ei indicates the phase transformation status of phase i.
The mathematical model can be written as follows by combining Eq. (1) with Eq. (7) and utilizing the boundary and initial conditions which are similar with multiple Stefan problems [32] Governing equation:
Boundary conditions:
Initial conditions:
Joining conditions at the phase transformation fronts:
2.3 Self-Similarity Analysis. For a problem without characteristic dimensions or time, the time variable and the space variable can be combined as one independent variable, and the analytical solution can be obtained easily by a self-similarity analysis.
The dimensions of HBS are assumed as infinite, and so there are no characteristic length and time in this problem. For simplification, the problems of hydrate dissociation front F1 and two zones Z1 and Z2 are considered here (Fig. 2) . For cases involving more zones and phase transformation fronts, the solutions can be obtained in a similar way.
For zone Z1, the average density, specific heat, and conductivity can be expressed as follows: Fig. 1 Evolution of phase transformation fronts. Note: Z1, nondissociated zone: hydrate and sediment skeleton; Z2, hydrate dissociation zone: liquid, water and sediment skeleton; Z3, gasification zone: gas, water and sediment skeleton; Z4, water vaporization zone: sediment skeleton, water vapor, gas; F1, hydrate dissociation front; F2, gasification front; F3, water vaporization front; T H and T ew , T ef , T eh represent the heat source temperature and the phase transformation temperatures of water to water vapor, liquid to gas, hydrate dissociation.
For zone Z2, the average density, specific heat, and conductivity can be expressed as follows:
At the transformation front, the latent heat of hydrate dissociation is DH h , and the phase transformation temperature is T eh . The porosity of the sediments is e 0 . The temperature evolution with time and space can be written in the following form:
The physical process of thermal conduction is that heat transfer is temperature difference driven, which is determined by temperature differences h ¼ T À T 0 and thermal diffusivities j ¼ ðK=qCÞ. So Eq. (18) can be rewritten as
Using the time variable t, the thermal diffusivity j 1 in zone 1, and the difference between heating temperature and initial temperature h H as three basic variables, Eq. (18) can be rewritten as (20) in which ðj 1 =j 2 Þ, ðh eh =h H Þ, ðh H K 1 =j 1 q h DHe 0 Þ, and ðh H K 2 =j 1 q h DHe 0 Þ are four controlling parameters.
When the four controlling parameters are constant, substituting n ¼ ðx 2 =j 1 tÞ and # ¼ ðh=h H Þ into Eq. (20), the following equation can be obtained:
Equation (21) illustrates that the evolution of temperature is determined by a variable combining space and time. Figure 3 shows a planar coordinate system (x, t), in which the contour lines of n are drawn and each line represents a space evolution of a certain temperature with time; especially n ¼ 0 and n ! 1 represent the locations with temperatures of T H and T 0 , respectively. The contour line n e represents the hydrate dissociation, i.e., the evolution of hydrate dissociation front, which divides the planar system into two zones (Fig. 2) . The contour lines of n in zones Z1 and Z2 share the common characteristic heat conduction. So the evolution of the hydrate dissociation and phase transformation fronts are self-similar and the partial differential equation and initial and boundary conditions (8)- (11) for heat conduction considering phase transformations can be simplified into an ordinary differential equation.
Substituting variable n ¼ ðx
2 =j 1 tÞ into Eq. (8), an ordinary differential equation is obtained
2.4 Self-Similarity Solutions 2.4.1 One Transformation Front Case. For the problem with one transformation front, the governing equations and boundary conditions in zones Z1 and Z2 can be rewritten as
In zone Zi (i denote 1 and 2 here): Governing equation:
Connecting condition:
2 Þdn into Eqs. (22)- (25), solutions for each zone are obtained
In zone Z1:
In zone Z2:
At front F1: 
Connecting condition at Fj (j denote 1, 2):
in which, i represents F1 or F2.
Solutions to Eqs. (29)-(31) are obtained for each zone:
In zone Z3:
Substituting Eqs. (32)- (34) into Eq. (31), n e1 and n e2 can be obtained by a Newtonian iterative method, the expansions of transformation fronts F1 and F2 can be expressed as
1/2 and X e2 ¼ (n e2 j 1 t) 1/2 , and the temperature fields can be obtained at the same time.
Three Transformation Fronts
Case. For the problem with three transformation fronts, the governing equations and definite conditions in zones Z1, Z2, Z3, and Z4 can be rewritten as In zone Zi (i denote 1, 2, 3, 4):
Connecting condition at Fj (j denote 1, 2, 3):
The solutions for each zone are as follows: In zone Z1:
In zone Z4:
Substituting Eqs. (38)-(41) into Eq. (37), n e1 , n e2 , and n e3 can be obtained by a Newtonian iterative method, the expansions of transformation fronts F1, F2, and F3 can be expressed as
, and X e3 ¼ (n e3 j 1 t) 1/2 , and the temperature fields can be obtained using the obtained parameters.
Numerical Simulation. A numerical method is proposed
here to analyze the evolution of phase transformation fronts in HBS with a finite length. The numerical solutions can be compared with the analytical solutions.
The dimensionless governing equation, boundary and initial conditions in Eqs. (8)- (11) can be expressed using three basic units, i.e., experimental length l, hydrate dissociation temperature T eh , and thermal diffusivity of soil skeleton K s /q s C s .
Governing equation:
Boundary condition:
Initial condition:
Connecting condition at the fronts:
Equations (42)- (45) are discretized using the Crank-Nicolson difference method.
If the temperature at location j reaches T ei /T eh , phase transformation will occur, and the temperature keeps constant until the input heat equals the enthalpy of hydrate dissociation, i.e.,
After a duration of mÁDt, the transformation process at j is finished, and the temperature at j þ 1 will reach T ei /T eh . Phase transformation will occur at j þ 1 and the temperature will reach T ei /T eh at j þ 2 until the input heat equals the enthalpy of hydrate dissociation at j þ 1. Here, superscripts n and m indicate time steps; subscripts i and j indicate space coordinates.
In addition, the density of gas at the maximum pressure, 0.1 MPa in the experiments to be reported later is adopted in the numerical simulation. The specific heat of gas is determined by C ¼ 3R/M. The heat conduction coefficient is assumed to be the same as that of water vapor though it changes with temperature. Analysis shows that these approximations have little influence on the evolution of phase transformation fronts due to small gas volume fraction.
3 Experimental Verification 3.1 Measurement Techniques 3.1.1 Apparatus. To obtain parameters for one-dimensional theoretical analysis, experiments have been conducted in a plexiglass cylinder 100 mm in diameter and 300 mm in height. With the one dimensional experimental set-up, the boundary conditions can be controlled and the experimental results can be applied to verify the theoretical analysis. In this model, an immersion heater with a power of 400 W and a diameter of 80 mm is horizontally placed at the bottom of the plexiglass cylinder as a heat source, and a diameter of 100 mm and a height of 20 mm ceramic plate is placed under the heat source as a heat insulator. A liquid or gas inlet is set at the bottom of the cylinder to saturate the sediment. Several scales are marked at the external surface of the cylinder, and a camera is used to record the expansion of the transformation fronts (Fig. 4) , and temperature sensors are placed above the heat source at an interval of 2 cm to measure the temperature at the mid of the sediment when the transformation fronts arrive.
Experimental Procedure.
The experimental procedure is as follows:
(1) A thermal source with a temperature regulator and several temperature sensors are placed at the designated location. A silty sand with a dry density of 1.6 g/cm 3 was first compacted to a height of 250 mm as the skeleton. (2) The skeleton was saturated from the bottom to the top by THF-water mixture with a mass fraction of 19% THF through an inlet. The cylinder was placed in a refrigerator for 3-5 days at a temperature of À8 C to assure full formation of THF hydrate sediment (the temperature kept at about 4 C for more than 6 h). (3) The maximum output temperature of the heater was controlled by a temperature regulator. The outside of the cylinder was wrapped (But the scales were left visible) by thermal insulation materials to reduce the heat diffusion. Then the heater, video recorder and sensors were turned on. During the experiments, the environmental temperature was kept at À8 C. (4) HBS was heated under a constant designated temperature.
When the phase transformation fronts (The temperature is about 4.4 C at this moment) arrived at a temperature sensor, the temperature of phase transformation and the time were recorded. The evolution of phase transformation fronts during hydrate dissociation was observed by referring to the scales in the video and readings of the temperature sensors. THF liquid to THF gas and water to vapor are 4.4, 66, and 100 C, respectively. So the experiments were conducted at six temperatures of 50, 80, 110, 150, 200, and 300 C to simulate three different kinds of evolution of phase transformation fronts.
3.2
Comparison of Experimental, Analytical, and Numerical Results. Theoretical analysis and numerical simulations of the evolution of different phase transformation fronts and zones involved in the experiments in Table 1 were conducted. Six temperatures were considered. The input parameters are shown in Table 2 , which are the same as those involved in the experiments.
The results of the experimental, analytical and numerical studies on the evolution of hydrate dissociation fronts at temperatures of 50, 80, 110, 150, 200, and 300 C were compared. Several observations can be made:
(1) At a temperature of 50 C, a phase transformation front F1 occurred and expanded. Then two zones Z1 and Z2 formed. The expansion of the transformation front F1 was measured using both the temperature sensors and the scales in the experiments. The observed phase transformation front of hydrate dissociation expanded as a horizontal cross section and the measured temperature in the mid of the front was about 4.4 C (the temperature of THF hydrate phase transformation), i.e., the temperature in the cross section was uniform and one dimension condition could be considered to apply approximately. The experimental, analytical, and numerical results are in good agreement (Fig. 5) . The small differences may be caused mainly by the artificial selection of integral time point for plotting in numerical studies.
(2) At a temperature of 80 C, two phase transformation fronts F1 and F2 occurred and expanded, then three zones Z1, Z2, and Z3 formed. The expansion of the transformation front F1 was measured by the temperature sensors in the experiment, but the expansion of the transformation front F2 was not obtained because the color difference between Z2 and Z3 could not be distinguished clearly as Z2 and Z3 shared the same compositions of water and sediment skeleton, meanwhile the transformation front F2 moved too C, 150 C, 200 C, and 300 C, three-phase transformation fronts F1, F2, and F3 could be observed, and four zones Z1, Z2, Z3, and Z4 formed. The expansion of the transformation front F1 could be measured by temperature sensors and the scales in the experiment, but the expansion of the transformation front F3 could not be obtained because it expanded very slowly. Figure 7 shows the experimental, analytical, and numerical results. (4) Thermal simulations based on our model and the data for thermal properties of methane hydrate sediments in the Shenhu area of South China Sea [33] are conducted. The results shown in Fig. 8 are that the dissociation front expands 15 m and 33 m after 20 years when the heating temperature is 298 K (for surface seawater injection) and 363 K (for steam injection), respectively. The fully hydrate dissociated zone is 4 m similar to that of the TOUGH þ HYDRATE simulation (About 4.5 m, [33] ), and the reason of the difference may be that the seepage and the different expression of thermal conductivity were considered in the TOUGH þ HYDRATE simulation. Here we can note that the thermal simulation is ineffective, and new hydrate recovery methods are required for exploration and utilization of natural gas hydrate sediments.
Conclusions
A new model is proposed to describe the thermal conduction considering one-, two-, and three-phase transformation fronts. A method of self-similarity is presented and analytic solutions to the governing equations are obtained. Laboratory experiments in six temperature conditions are conducted using THF HBS in a onedimensional cylinder to verify the new model and its solutions.
The following conclusions are drawn:
(1) The physical process of the evolution of hydrate dissociation can be described as follows: (a) heat transfer leads to hydrate dissociation and phase transformations; (b) phase transformation expands as fronts and different zones form divided by the fronts. (2) The evolution of hydrate dissociation and phase transformation fronts is self-similar. (3) The analytical results illustrate that the expansion of hydrate dissociation and the phase transformation fronts in the sediments is proportional to the square root of time. should be considered to improve the recovery of gas hydrate except depressurization and thermal simulation.
It should be noted only a hydrate dissociation front is measured experimentally, and the development of gas seepage in the sediment is ignored in the present model. The seepage of released gas and water and the redistribution of pore pressure and stresses in the sediment should be considered in the future.
